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Twobacterial strains, Am4andG10were isolated fromrumenﬂuid of different ruminants: cow (Holstein-
Friesian) and sheep (Slovenskèmerino), respectively. Theywere isolated fromdifferent hosts and regions,
but showed99.2% similarityof the16S rRNAgenes. Both strains areversatile and fermentvarious sugars to
mainly succinate and lactate and small amounts of acetate and formate. The 16S rRNA sequences of Am4
and G10 revealed that they belonged to the genus Actinomyces, and are related to Actinomyces ruminicola
JCM 13352T with 97.0% and 97.4% similarity, respectively. DDH showed strain Am4 and G10 had only
55.8 and 43.3% similarity with the Actinomyces ruminicola JCM 13352T, and had 69.9% similarity among
each other. Comparing strain Am4 and G10, gANI value and dDDH were 92.9% and 68.6%, respectively.
Additionally, AAI between the strainswas 95.8%.MLSA of housekeeping genes showed difference of metG
and pheS. The G+C% contents of strain Am4 and G10 were 69.8% and 68.5%, respectively. MK-10(H4)
was the principal quinone for strain Am4 (82%) and G10 (91%) with small amounts of MK-10(H8) and
MK-10(H6) for both strains. Only MK-9(H4) was detected in strain Am4. MALDI-TOF analysis of protein
proﬁles also revealed that Am4 and G10 are different from each other and from Actinomyces ruminicola
TJCM 13352 .
Based on phylogenetic and physiological characteristics, together with genome comparison and MLSA
we propose two novel species in the genus Actinomyces: Actinomyces succiniciruminis sp. nov. (type strain
Am4T =TISTR 2317T =DSM 10376T) and Actinomyces glycerinitolerans sp. nov. (type strain G10T =TISTR
2318T =DSM 10377T).
thor© 2016 The Au
In recent years, organic acids (OAs) production by microbes
as gained interest as OAs can be used as building-blocks for
hemicals and can be converted to biofuels to replace fossil fuel.
naerobic digestion is a well-known fermentation process that is
atalyzed by microorganisms. Various products, including organic
 The GenBank/EMBL/DBBJ accession number for the 16S rRNA of strain Am4
TISTR=2317T, DSM=100376T) is LN680002 and for strain G10 (TISTR=2318T,
SM=100377T) is KC866613.
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acids such as lactate, acetate, butyrate, and succinate and the bio-
fuel methane are formed in anaerobic digestion. Succinate is high
in demand for chemical and industrial purposes as it is a precursor
for several chemicals including butanediol, -butyrolactone, tetra-
hydrofuran, and maleic anhydride, the latter being produced from
petroleum and used in chemical synthesis processes [28].
The rumen is an anaerobic “bioreactor”, containing a multi-
tude of microorganisms that efﬁciently converts complex organic
compounds. Polymeric compounds are ﬁrst hydrolyzed and then
further digested to OAs. Therefore, exploring the rumen biodi-
versity may yield dedicated microorganisms capable of producing
certain OAs, such as succinate, which is an important fermentation
product in the rumen.
Actinomyces is an important genus within the order Actinomyc-
etales, class Actinobacteria, and phylum Actinobacteria [30]. This
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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enus currently contains 47 recognized species and 2 subspecies
see http://www.bacterio.net/a/actinomyces.html: 17-07-2016).
haracteristics are high G+C content, Gram-positive, pleomorphic,
arying from coccoid, diphtheroid-like to long branched ﬁlaments
ith swollen ends, non-motile and anaerobic, facultative anaerobic
r aerotolerant [30]. Actinomyces are widely distributed in nature
uch as in the mucous membranes of humans, animals, and intesti-
al guts, including rumen. They naturally produce organic acids
uch as acetate, formate, lactate, and/or succinate from glucose
ermentation [35]. This characteristic makes Actinomyces species
nteresting candidates for dedicated OA production [26]. To date,
ost species in this genus were isolated from mucosal surfaces
f animals and humans, except Actinomyces naturae CCUG 56698T,
solated from chlorinated solvent-contaminated groundwater [22],
nd only one strain, Actinomyces ruminicola JCM 13352T has been
solated from the rumen [1].
Here, we describe the properties of two novel organic acid pro-
ucing strains, G10 and Am4, originating from the rumen. Strain
10was isolated from sheep rumenﬂuid (Slovenskèmerino breed)
s previously described by Vandzˇurová et al. [42]. Strain Am4 was
solated from rumen ﬂuid of a ﬁstulated Friesian Holstein cow
oused atWageningenUniversity Research Farm, TheNetherlands.
For isolation of strain Am4, bovine rumen ﬂuid (500ml) was
ampled through the rumen ﬁstula. The rumen ﬂuid was collected
n a sterilized CO2-ﬂushed anaerobic bottle (1 l) and brought to the
aboratory, where it was blended for 10 s using a sterile blender
nd ﬁltered through two layers of sterile cotton cloth. The ﬁltered
uid was injected in sterillized-N2-ﬂushed anaerobic bottles and
ept at 4 ◦C until use. Rumen ﬂuid (1%, v/v) was used as inoculum
n a bicarbonate-buffered anaerobic medium (BM), which was pre-
ared as previously described [20]. Themediumwas supplemented
per liter) with 0.1 g yeast extract, 5mg hemin, 0.1ml vitamin K1,
nd 0.5% (w/v) amylopectin was added as carbon source. The ﬁnal
iquid volume was 50ml in 117ml serum bottles sealed with butyl
ubber stopper containing 80:20 (v/v) N2/CO2 at 1.7 atm (172kPa)
as phase. The pH of the medium was 7.2. The primary enrich-
ents were incubated while shaking (50 rpm) at 39 ◦C in the dark.
urther enrichment was performed by consecutive transfers to the
ame medium and isolation was by serial dilution using Reinforced
lostridial Medium (RCM), and ﬁnally plating on BMY (BM with
.1 g l−1 yeast extract), supplemented with 0.5% amylopectin, 5mg
emin, 0.1ml vitamin K1 and 1.5% (w/v) agar. The plates were
laced in an anaerobic jar, which was the pressurized with N2/CO2
o contain80:20 (v/v) at 1.7 atm(172kPa) gasphase. Single colonies
ere further puriﬁed on the same agar medium by the streak
late method, followed by serial dilution in BM liquid medium as
escribed above for three times to obtain a pure culture that was
ermed strain Am4.
Strains Am4 andG10were routinely grownwith 20mMglucose
n a bicarbonate-buffered anaerobic medium [20] supplemented
per liter) with 0.1 g yeast extract (BMY). The purity of strains Am4
nd G10 were checked routinely by phase-contrast microscopy
Leica DM 2000; Wetzlar, Germany). Organic acids were deter-
inedbyhigh-performance liquid chromatography (HPLC) and gas
roduction by gas chromatography (GC) as described in [41].
Genomic DNA of strain Am4 was isolated and puriﬁed from
lucose grown cells (BMY with 20mM glucose) using the Fast
NATM Spin Kit for Soil (MP Biomedicals, Santa Ana, CA) follow-
ng the manufacturer’s instruction. DNA was ampliﬁed to obtain
lmost full-length 16S rRNA gene sequences (1429bp) by PCR with
acterial-universal primers 27f (5′-AGAGTTGATCCTGGCTCAG-3′)
nd 1492r (5′-TACCTTGTTACGACTT-3′) [15]. The PCR program was
tarted with a denaturing step at 95 ◦C for 5min, and continued
ith 35 cycles consisting of 95 ◦C for 30 s, 52 ◦C for 40 s, and 72 ◦C
or 90 s, and the last step of extension at 72 ◦C for 7min. PCR prod-
cts of strain Am4 were puriﬁed and sequenced at GATC Biotechplied Microbiology 39 (2016) 445–452
Company (Konstanz,Germany). TheDNAsequencewas checked for
reading errors and aligned using the program DNA Baser Sequence
Assembler v4 (Heracle BioSoft S.R.L, Arges, Romania). The partial
sequences were blasted with the NCBI online database. The 16S
rRNA gene sequence of strain G10 (1519bp.) was obtained from
the NCBI website KC866613 [42]. The 16S rRNA gene sequences
were checked for chimeras using DECIPHER’s Find Chimeras web
tool [46] before comparison with BLASTN search online program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi: 03-02-2016) and EzTaxon
2.1 [4] and EzTaxon-e server [13]. The phylogenetic position of
strainAm4andG10was studiedbycomparisonwith16S rRNAgene
sequences of other related strains in the Actinomyces genus, using
Biﬁdobacterium biﬁdum ATCC 29521T as an out group, all obtained
from NCBI online database. All 16S rRNA genes were aligned
using a CLUSTAL X program [39] with Kimura’s two-parameter
model [14]. Then, a phylogenetic tree was constructed and imple-
mented on the MEGA 5 program [38] using the neighbor-joining,
maximum-parsimony [27], and maximum-likelihood [5] methods.
Tree topologies were performed by using bootstrap analysis with
1000 repeats [6] (Fig. 1). The 16S rRNA gene sequences of the Am4
and G10 strains revealed that they belonged to the genus Actino-
myces with 97.0 and 97.4% similarity, respectively, to the closest
cultured relative, Actinomyces ruminicola JCM 13352T, and were
99.2% similar to each other. The tree showed that rumen Acti-
nomyces are separated and phylogenetically different from other
Actinomyces species, pointing at a correlation between phylogeny
and origin of the strains.
As the 16S rRNA gene sequence similarity between strain Am4
and strain G10 was higher than 99%, genome-based comparison
tools [25] such as ANI and dDDH (in silico) were used to elucidate
difference between the two strains. Genomic DNA of strain Am4
andG10wereextracted fromglucosegrowncells (BMYwith20mM
glucose) using the MasterPureTM Complete DNA and RNA Puriﬁ-
cation Kit (Epicenter, Madison, WI) following the manufacturer’s
instruction. The genome of strain Am4 and G10 were sequenced
at GATC-Biotech, Konstanz, Germany. The draft genomes were
assembled at WUR using in-house pipeline protocol [34]. The draft
genomes (Am4 and G10) were then analyzed using gold standard
analysis.
The ANI calculation were performed using MiSI (Microbial
Species Identiﬁer: MiSI) method version 0.3 from JGI website
to calculate genome-wide Average Nucleotide Identity (gANI)
complementary analysis with the fraction of orthologous genes
(Alignment Fraction, AF) using threshold values of gANI and AF
values with 96.5 and 0.6, respectively [44].
The average reciprocal values of gANI and AF values between
strain Am4 and G10 were 92.94% and 0.24, respectively, which
were lower than the cut-off values (96.5% and 0.6, respectively).
OtherANImethodswere used: ANI BLAST (ANIb) andANIMUMmer
(ANIm) methods using JSpecies software tool [24] and Aver-
age Nucleotide Identity by Orthology (OrthoANI) measuring only
orthologous fragmentpairs between two fragmentedgenomes [16]
(Supplementary Table S1).
Average amino acid identity (AAI) between strain Am4 and G10
was also calculated by using AAI calculator at Kostas lab (http://
enve-omics.ce.gatech.edu/aai/) and the AAI result was 95.8% from
2249 proteins which was below the 96% threshold that was sug-
gested to delineate Vibrio sp. [40].
Recently, dDDH has been implemented by Genome Blast Dis-
tance Phylogeny (GBDP) andprovides better correlation result than
ANI (regarding to JSpecies) [18]. The dDDH comparing the whole
genomes using Genome-to-Genome Distance Calculator (GGDC)
web browser at DSMZ (Braunschweig, Germany) between strain
Am4 and G10 was performed and compared with the wet-lab
DDH results. The wet-lab DDH was done in parallel with their
closest relative A. ruminicola JCM 13352T type strain (provided
S. Palakawong N.A. et al. / Systematic and Applied Microbiology 39 (2016) 445–452 447
Fig. 1. Neighbor-joining tree, basedon16S rRNAgenesequences, showing thephylogenetic relationshipof strainAm4, strainG10, and related species in thegenusActinomyces.
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gootstrap values, which were higher than 50% based on 1000 replications, are show
illed circles were used to indicate identical nodes generated by three methods (ne
ank accession number of each strain is listed. Bar 2% sequence divergence.
y Prof. Xiuzhu Dong, Chinese Academy of Sciences, Beijing, China
ia JCM-Japan Collection of Microorganisms) at the Deutsche
ammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ)
Braunschweig, Germany) as described by De Ley et al. [17] with
odiﬁcations described by [12] using amodel Cary 100BioUV/VIS-
pectrophotometer equipped with a Peltier-thermostatted 6×6
ulti cell changer and a temperature controller with in situ tem-
erature probe (Varian, Inc., Palo Alto, CA). According to the
ecommendationsby theadhoccommitteea thresholdvalueof70%
NA-DNA similarity of the deﬁnition of bacterial species is decisive
o designate novel species [25,45,19]. The DNA-DNA hybridization
esult (wet-lab) conﬁrmed that both strains (Am4 and G10) are dif-
erent from A. ruminicola JCM 13352T with the average DDH values
meanvalue of two replications) between strainAm4andA. rumini-
ola JCM13352T was 55.8 and between strain G10 andA. ruminicola
CM 13352T were 43.3%, respectively.
The mean value of DNA-DNA hybridization between Am4 and
10 from both digital and wet-lab were 68.6 and 69.9%, respec-
ively, which were lower than the threshold value of the 70%
NA-DNA similarity cut-off [45]. Additional genome based com-
arison between strain Am4 and G10 is shown in Supplementary
able S1.
Multilocus sequence analysis (MLSA) with ten housekeeping
enes: atpA (ATP synthase F1, alpha subunit), atpD (ATP synthasee branching points. Biﬁdobacterium biﬁdum ATCC 29521T was used as an out group.
-joining, maximum-likelihood and maximum-parsimony). In parentheses the Gen
beta chain), gltA (citrate synthase (si)), gyrA (DNA gyrase, subunit
A), metG (methionyl-tRNA synthetase), pheS (phenylalanyl-tRNA
synthetase alpha chain), pgi (glucose-6-phosphate isomerase),
rpoA (DNA-directed RNA polymerase alpha subunit), rpoB (DNA-
directed RNA polymerase beta subunit), and sodA (superoxide
dismutase (Mn))were also compared between strain Am4andG10.
Eight of the genes had only 1% difference between the two strains
using BLASTN analysis (Supplementary Table S2). However, metG
and pheS had 3% and 4% difference, respectively (Supplementary
Table S2). MLSA-based phylogenetic trees of metG (A) and pheS (B)
genes revealed the relationship between strain Am4 and G10 and
17 other Actinomyces species in Supplementary Fig. S1. All these
genome based comparisons reveal that strain Am4 and G10 are dif-
ferent. However, additional chemotaxonomical, biochemical and
physiological analysis were performed.
The DNA base composition (G+C content) of strain Am4 and
G10 was analyzed by HPLC [37] at the Identiﬁcation Service of
the DSMZ (Braunschweig, Germany). Strain Am4 and G10 were
grown in modiﬁed BM with 20mM glucose and extra yeast extract
(5 g l−1) at 37 ◦C for 48h. The cell biomass was harvested by cen-
◦trifugation at 4 C at 15,317× g for 10min. The DNA G+C content
of strain Am4 was 69.8% and 68.5% for strain G10. The %G+C con-
tent of the strain Am4 and G10 obtained from genome calculation
(JSpecies tool) was 68% and 66.88%, respectively. These values are
448 S. Palakawong N.A. et al. / Systematic and Applied Microbiology 39 (2016) 445–452
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n line (55–71%) with that of known species within the genus
ctinomyces.
Fatty acid and quinone composition of the cell wall of strain
m4 and strain G10 were also carried out at the DSMZ. The cul-
ures and the cell biomass were obtained as described above for
he G+C content analysis. The fatty acid composition of the clos-
st relative, Actinomyces ruminicola JCM 13352T, was grown and
nalyzed in parallel with the two strains. The cellular fatty acids
f strain Am4 were mainly composed of (>10% of the total) C16:0
AME (40.06%), C18:1 CIS9 FAME (31.20%) and C18:1 CIS9 DMA
8.49%), and those of strain G10 were C16:0 FAME (38.02%), C18:1
IS9 FAME (33.53%), and C18:1 CIS9 DMA (6.99%), and were dif-
erent from the fatty acids composition of Actinomyces ruminicola
CM 13352T (Supplementary Table S3). The respiratory quinones
f strain Am4 and strain G10 were mainly unsaturated tetrahydro-
enated menaquinones (MK-10(H4)) 82% for Am4 and 91% for G10
nd small amounts of MK-10(H8), MK-10(H6) for both strains, but
nly MK-9(H4) was found in strain Am4. Actinomyces ruminicola
CM 13352T contained only MK-10 (70%) and MK-9 (30%) as shown
n Supplementary Table S4. These characteristics of the strains Am4
nd G10 are similar to the principal respiratory quinones of other
pecies in genus Actinomyces, that have menaquinones with eight,
ine, ten or eleven isoprene units (MK-8, MK-9, MK-10, and MK-
1), tetrahydrogenatedmenaquinoneswith nine [MK-9(H4)] or ten
MK-10(H4)] isoprene units [30]. The quinones of A. ruminicola JCM
3352T werequitedifferentbetweenstrainAm4andG10,however,
nconsistant quinones systems from four Actinomycetes (A. visco-
us, A. israelii, A. bowdenii, and A. ruminicola) were reported [11].
he ﬁrst three strains contained dominantly MK-10(H4) whereas
. ruminicola contained MK-10 and MK-9 (7:3) [11]. Moreover,
ijazin and co-workers also reported the different major quinone
as found in the same species of A. bovis [11]. A. bovis DSM 43014T
ontainedmainlyMK-9 quinone,whichwas different from the pre-
ious report of Hess et al., that the major quinone of A. bovis CCUG
430 was MK-10 [11,10].
MALDI-TOF-MS is a rapid and simple method used to identify
acteria mainly of clinical importance [31,2]. Recently, the method
as successfully applied to identify oral Actinomyces species cul-
ivated from subgingival bioﬁlm as well [33]. Therefore, protein
atterns of strain Am4 and G10 were analyzed using MALDI-TOF-
S, to further study the similarities between the two strains. In
arallel, related type strains Actinomyces ruminicola JCM 13352T, A.
ricola CCUG 46090T, A. massisliensis CCUG 53522T, and A. dentalis
CUG 48064T (all obtained from DSMZ, Braunschweig, Germany)
ere included. Biomass for the MALDI-TOF analysis of all strains
as grown in BM with 1g l−1 yeast extract and 20mM glucose
t 37 ◦C for 48h. The cultures were harvested by centrifugation
t 13,000× g for 2min and the pellets were washed with PBS
uffer and dissolved in 300l sterile de-ionized H2O before adding
00l of absolute ethanol to precipitate the proteins. The mixture
as centrifuged at 13,000× g for 2min and the supernatant wass sp. in a dendrogram of similarity (A) and MALDI-TOF MS spectra (B).
discarded. Thirty microlitre of formic acid (70% v/v) was added to
the pellet and thoroughly mixed by pipetting before addition of
30l of acetonitrile to the mixture. The mixture was centrifuged at
13,000× g for 2min and the supernatant was analyzed as previous
described [7] using a Microﬂex LT instrument (Bruker Dalton-
ics GmbH, Leipzig, Germany) with FlexControl software (version
3.0) as described in [7]. The raw spectra obtained for each isolate
were imported into BioTyper software-version 3.0 (Bruker Dalton-
icsGmbH, Leipzig, Germany, database version3.3.1.0) andanalyzed
by standard pattern matching with default settings. High quality
spectra were obtained for all Actinomyces species tested. The nor-
malized spectra were different for A. ruminicola JCM 13352T, Am4,
and G10 isolates (Supplementary Fig. S2) indicating that Am4 and
G10 are different from other Actinomyces species. While A. rumini-
cola JCM 13352T and strain G10 showed well deﬁned spectra with
over 40 peaks in m/z ratios from 3,000 to 15,000, strain Am4 had
a very simple spectrum with a dominant peak at m/z ratio 4,093.
Each MALDI-TOF MS spectrum obtained was matched against all
spectra of the analyzed set and a matrix of matching scores was
calculated. Dendrograms were calculated using the Biotyper MSP
dendrogram creation standard method using the MALDI Biotyper
3.0 software (Fig. 2). The spectra comparison placed Am4 and G10
in a separate branchalongwithA. ruminicola JCM13352T. All rumen
Actinomyces species separated well from mainly oral Actinomycetes
and the comparison indicated that Am4 and G10 isolates differ sig-
niﬁcantly from A. ruminicola JCM 13352T. A distance level over 250
was observed between strains Am4 and G10. For the delineation of
species usingMALDI-TOF-MS, a distance level 500 is arbitrary set as
a distance limit for the secure species identiﬁcation [29]. For closely
related species however, lower distance limits have been observed
[3]. Ina recentpaper [43], distance levels as lowas50wereobserved
between closely related Microbacterium spp. belonging to the Acti-
nomycetales order. The MALDI-TOF-MS analyzes indicate that Am4
and G10 are different species.
Both strains grew well on 1.5% RCM agar medium and colonies
of both strains were round, with smooth margins, and convex with
ivory color and reached a size of 0.1–0.2mm after 3 days. Am4 and
G10 cells were non-motile, pleomorphic, branched, with swollen
ends, and commonly present as rods with size of 0.2–0.5m by
0.9–2.8m(Am4) and0.4–0.6mby1.5–7m(G10) (Fig. 3). Gram
staining was examined using standard methods [21]. Spore for-
mation was determined with Schaeffer and Fulton Spore Stain Kit
(04551) following the manufacturer’s instructions (Sigma–Aldrich
Chemie GmbH, St. Louis, MS). Both strains were Gram positive,
non-spore-forming bacteria and catalase, oxidase, and acid-fast
negative.
The optimumconditions for growth of strain Am4 andG10were
determined using turbidity measurements for 4 weeks. The opti-
mum pH was tested in Wilkins-Chalgren Broth (Oxoid) and the
pH values of the medium were adjusted with NaOH and/or HCl.
Duplicate bottles were used and incubated at 37 ◦C at a pH range of
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.0–12.0 at intervals of 0.5. The optimum temperature was deter-
ined in BMY containing 20mM of glucose at temperature range
f 4–65 ◦C at intervals of 5 ◦C, including 37 ◦C. Strain Am4 and strain
10 could grow between pH 5.5 and 8.5, with an optimum at 7.5.
oth strains could grow between 25 and 45 ◦C but their optimal
emperature was different 30 ◦C (G10) and 37 ◦C (Am4).
Yeast extract (0.1 g), L-cysteine (0.5 g), hemin (5mg), vitamin
1 (0.1ml) per liter were separately tested as a growth factor for
trains Am4 andG10 in BMwith 20mMglucose at 37 ◦C for 14 days
n duplicated bottles. Both strain Am4 and G10 could grow without
-cysteine, hemin and vitamin K1 but not without yeast extract.
The generation time of the strains when grown in BMY with
0mM glucose at 37 ◦C and pH 7.2 was 5.3h for Am4 and 7.0h for
10.
Fermentation products and carbon balances were determined
or both strains growing on BMY with 20mM glucose. The glucose
ermentation stoichiometry of strain Am4 was:
glucose + 0.7 CO2 → 0.7 succinate + 0.7 lactate
+0.3acetate + 0.2 formate.
For strain G10 the stoichiometry was:glucose + 0.7CO2 → 0.7 succinate + 0.7 lactate
+0.2acetate + 0.2 formate.
ig. 3. Micrograph of Actinomyces strain Am4 (A) and Actinomyces strain G10 (B)
sing phase-contrast microscopy. Cells were grown for 24h in BMY with 20mM
lucose. Bar represents 2m.plied Microbiology 39 (2016) 445–452 449
NoH2 gaswas detected. The redox balancewas used to calculate
the CO2. The calculated carbon recoveries, without biomass, were
85% and 82% for strain Am4 and strain G10, respectively.
Oxygen-tolerance of strain Am4, G10, and Actinomyces rumini-
cola JCM 13352T was determined by growing them in BMY with
20mMglucosewithout reducing agent. Sterile oxygenwas injected
in the head space to provide 20% of oxygen. Two percent of each
active inoculum was added and incubated at 37 ◦C. Growth was
monitored using turbidity (OD600) measurements. All three strains
grew well in the medium, indicating that Am4, G10, and Actino-
myces ruminicola JCM 13352T can be termed oxygen-tolerant, as
they could grow with ≥5% oxygen as described by Tally et al. [36].
As strain G10 was described to be glycerol tolerant [42], this
characteristic was tested for both strains and Actinomyces rumini-
cola JCM13352T.All strainsweregrown inBMYwith20mMglucose
at 37 ◦C for 30 days in the presence of various concentrations of
glycerol (0, 5, 7.5, 12.5, 25, and 50 (% w/v)) and triplicate bot-
tles were tested. Growth was measured by increase in turbidity at
600nm.Actinomyces ruminicola JCM13352T could grow in thepres-
ence of up to 12.5% glycerol. Strain Am4 and G10 could grow in the
presenceof glycerol up to25%, butnot at 50%. StrainG10couldgrow
in the presence up to 25% glycerol after 14 days and was slower
than strain Am4 (growth was observed within 7 days). Only succi-
nate and lactate were formed when glycerol was present. Glycerol
tolerance was recently reviewed by Sharma [32], describing that
Actinomycetes have the capability to live in oily environments, typ-
ical high in glycerol. This feature is an advantage when using these
two strains to produce organic acids at high glycerol concentra-
tions.
Physiological and biochemical characteristics of strain Am4
and G10 were determined and compared with closely related
Actinomyces: A. ruminicola JCM 13352T, A. oricola CCUG 46090T,
A. massisliensis CCUG 53522T, and A. dentalis CCUG 48064T. All
cultures were grown in BMY with 20mM glucose at 37 ◦C for
24h before testing with commercial API identiﬁcation (test kits)
systems (bioMérieux, France). Carbon assimilation and acid pro-
duction from different carbohydrates were examined using API
50 CHB and API 20A kits. Enzyme activities were assayed using
API ZYM and API Rapid ID 32A kits. All tests were performed
in duplicate following the manufacturer’s instruction. Selected
results that differentiate the strains are shown in Table 1. Addi-
tionally, d-arabinose, d-arabitol, cellobiose, d-glucose, d-mannose,
d-mannitol, 2-methyl glucopyranoside, potassium gluconate, d-
ribose, d-sorbitol, sodium pyruvate, amylopectin, cellulose, inulin,
pectin, soluble starch, and xylan were tested under growing con-
ditions in liquid cultures with BMY medium to conﬁrm the results
from API test kits.
Strain G10 and strain Am4 converted a wide range of substrates
including starch waste, obtained from a potato factory (Aviko-
Rixona,Warffum, Groningen, theNetherlands), tomainly succinate
and lactate and small amounts of acetate and formate. Both strains
could grow on 20mM d-arabinose, 20mM d-arabitol, 20mM myo-
inositol, 20mM d-mannitol, 20mM d-sorbitol, and 20mM d-ribose
aswell as amylopectin, soluble starch, pectin, inulin, and xylan. The
organic acids produced differed depending on the substrates (Sup-
plementary Table S5) Strain Am4 could use potassium gluconate,
but could not use methyl--d-glucopyranoside, whereas the strain
G10 could utilize methyl--d-glucopyranoside, but not potassium
gluconate.
Based on the biochemical, physiological, chemotaxonomic, and
phylogenetic characteristics (Table 1 and Supplementary Table S1),
strain Am4 andG10 can be distinguished fromeach other and other
membersof thegenusActinomyces.WeproposestrainAm4andG10
as novel species in the genus Actinomyces, family Actinomycetaceae,
and order Actinomycetales and the name Actinomyces succinicirumi-
nis and Actinomyces glycerinitolerans are proposed, respectively.
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Table 1
Selected characteristics that differentiate strain Am4 and strain G10 from Actinomyces ruminicola JCM 13352T, A. oricola CCUG 46090T, A. massiliensis CCUG 53522T, and A.
dentalis CCUG 48064T.
Characteristic Strain Am4 Strain G10 A. ruminicola A. oricola A. massiliensis A. dentalis
Origin Cow rumen Sheep rumena† Cattle rumenb† Human teethc† Human bloodd† Human dental abscesse†
Gram reaction + +a† +b† +c† +d† +e†
Cell size (m) 0.2–0.5×0.9–2.8 0.4–0.6×1.5–7.0 0.5–1.0×2.5–4.0b† NR 0.35–0.74×0.5–1.7d† NR
Temperature range/optimum (◦C) 25–45/37 25–45/30 20–55/46b† NR 25–50/37d† NR
pH range/optimum 5.5–8.5/7.5 5.5–8.5/7.5 6.5–9.0/8.0–8.5b† NR/NR NR/NR NR/NR
G+C content (%) 69.8 68.5 68.06 b† NR NR 62e†
Fermentation products from glucose# S, L, a, f S, L, f, a S, l, a, f s, L, f, s, L, a, f L
Nitrate reduction + − + + + −
Urease − − + − − −
Growth in present of 25% glycerol + W+ − ND ND ND
Assimilation of substrates
Myo-Inositol + − + ND ND ND
d-Mannitol + W+ − − + −
Methyl-d-xylopyranoside − + + − − −
Methyl-d-glucopyranoside − + + ND ND ND
Potassium gluconate + − − − − −
Potassium 5-ketogluconate + − − − + −
d-Rafﬁnose + + + − + +
d-Sorbitol + W+ − − + −
Enzyme activities
Esterase (C4) − − + + + −
Esterase lipase (C8) − − + + + −
Lipase (C14) − − + + − −
Valine arylamidase − − + + − −
-Galactosidase + + + − + +
-Glucosidase − + − + + +
-Glucuronidase + + W+ − − −
All data were obtained in this study except † taken from; a, [42]; b, [1]; c, [8]; d, [23]; e, [9].
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d, positive; −, negative; W+, weakly positive; ND, not determined; NR, not reported
# S, succinate; L, lactate; A, acetate; F, formate (small letter indicates minor amou
escription of Actinomyces succiniciruminis sp. nov.
Actinomyces succiniciruminis [suc.ci.ni.ci.ru’mi.nis. N.L. n. acidum
uccinicum, succinic acid; L. gen. n. ruminis, of the rumen; N.L. n.
ucciniciruminis originating from the rumen andproducing succinic
cid].
Cells are 0.2–0.5mindiameter and0.9–2.8mlongwithpleo-
orphic forms: rod, branch, or irregularly shaped with sometimes
howing swollen ends (Fig. 3A). Colonies on RCM agar medium are
hite, circular, smooth, and have convex margins with 0.1–0.2mm
n diameter after 72h of growth. The strain is Gram positive,
on-motile, non-spore-forming and catalase and oxidase negative.
train Am4 can growbetween 25–45 ◦C (optimumat 37 ◦C), and pH
.5–8.5 (optimum at 7.5). The generation time of this strain when
rown in BMY at 37 ◦C and pH 7.2 is 5.3h. The strain requires yeast
xtract (0.1 g l−1) for growth. Strain Am4 is an oxygen-tolerant
naerobic bacterium, which can grow in the presence of oxygen
p to 20%.
Strain Am4 produced organic acids from amylopectin, d-
rabinose, d-arabitol, d-cellobiose, d-glucose, myo-inositol, inulin,
-mannitol, d-mannose, pectin, potassium gluconate, d-ribose,
oluble starch, d-sorbitol, and xylan but could not use crys-
al cellulose, methyl-d-glucopyranoside, sodium acetate and
odium pyruvate as substrates in anaerobic bottles (Supple-
entary Table S5). Moreover, in the API 50 CHB test kit, it
ould also use N-acetyl glucosamine, amygdalin, l-arabinose,
rbutin, d-fructose, esculin, d-galactose, gentiobiose, glycogen, d-
actose, d-lyxose, d-melibiose, d-maltose, d-melezitose, potassium
-ketogluconate, d-rafﬁnose, l-rhamnose, d-saccharose, salicin,
-tagatose, d-treharose, d-turanose, xylitol, and d-xylose (Supple-
entary Table S6). The esculin hydrolysis and nitrate reductase
ests were positive. Enzyme activities in the API ZYM tests, strain
Am4) tested positive for -glucosidase and leucine arylami-
ase and weak positive for, -galactosidase, -glucuronidase, andnapthol-AS-BI-phosphohydrolase (Supplementary Table S7). The
DNA G+C of the type strain is 69.8mol%.
The type strain, Am4T (=TISTR 2317T =DSM=10376T) was iso-
lated from the rumenof aHolstein-Friesian cow in theNetherlands.
Description of Actinomyces glycerinitolerans sp. nov.
Actinomyces glycerinitolerans [gly.cer.in.i.to’le.rans. N.L. n. glyc-
erinum, glycerol; L. part. adj. tolerans, enduring, tolerating;N.L. part.
adj. glycerinitolerans glycerol tolerating].
Cells are 0.4–0.6m in diameter and 1.5–7m long with pleo-
morphic forms: rod, branch, irregularly shaped with sometimes
swollen ends (Fig. 3B). Colonies on RCM agar medium are white,
circular, smooth, and have convex margins with 0.1–0.2mm in
diameter after 72h of growth. The strain is Gram positive, non-
motile, non-spore-forming and catalase and oxidase negative.
Strain G10 can grow between 25–45 ◦C (optimum at 30 ◦C), and pH
5.5–8.5 (optimum at 7.5). The generation time of this strain when
grown in BMY at 37 ◦C and pH 7.2 was 7.0h. The strain requires
yeast extract (0.1 g l−1) for growth. StrainG10 is an oxygen-tolerant
anaerobic bacterium, which can grow in the presence of oxygen up
to 20%.
Strain G10 could produce organic acids from amylopectin, d-
arabinose, d-arabitol, d-cellobiose, d-glucose, inulin, d-mannose,
methyl-d-glucopyranoside, d-mannitol, pectin, d-ribose, soluble
starch, d-sorbitol, and xylan but could not use crystal cel-
lulose, myo-inositol, potassium gluconate, sodium acetate and
sodiumpyruvate as substrates in anaerobic bottles (Supplementary
Table S5). Moreover, it could also utilize amygdalin, l-arabinose,
arbutin, d-fructose, esculin, d-galactose, gentiobiose, glycogen,
d-lactose, d-lyxose, d-melibiose, d-maltose, d-melezitose, methyl-
d-xylopyranoside, d-rafﬁnose, l-rhamnose, d-saccharose, salicin,
d-tagatose, d-treharose, d-turanose, xylitol, and d-xylose in
the API 50 CHB test kit (Supplementary Table S6). The
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esult of esculin hydrolysis was positive, but nitrate reduc-
ase was negative. Enzyme activities from API ZYM tests, the
train (G10) tested positive for -galactosidase, -glucosidase,
-glucosidase,-glucuronidase, leucine arylamidase, and napthol-
S-BI-phosphohydrolase, (Supplementary Table S7). TheDNAG+C
f the type strain is 68.5mol%.
The type strain, G10T (=TISTR 2318T =DSM=10377T) was iso-
ated from the rumen of sheep (Slovenské merino breed) in Slovak
epublic [42].
Strain Am4 was isolated from Holstein cow rumen at Carus
ouses;partofDepartmentofAnimal SciencesandAgro technology
nd Food SciencesGroup,WageningenUniversity, theNetherlands,
hereas the strain G10 was isolated from sheep (Slovenskè merino
reed) rumen ﬂuid [42]. Interestingly, both of them produce succi-
ate fromstarchwasteandcanhydrolyzemanycomplex substrates
uch as inulin, pectin, xylan, and starch. Succinic acid is one of the
mportant organic acids used as a building block in the chemical
ndustry that can generate standard substances such as butane-
iol, tetrahydrofuran, andg-butyrolactone aswell as biodegradable
liphatic polyester bionolle [28]. Moreover, these novel strains are
ather robust as they tolerate up to 20% of O2 and high level of glyc-
rol (up to 25% w/v). For that reason, stain Am4 and strain G10 are
otential candidates in biotechnological process that convertwaste
o product such as succinic acid, which in the future partially can
eplace the use of fossil fuels.
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